Abstract: A prototyping method for dielectrically loaded antennas is presented. Dielectric loading has been used with horn antennas, feeds, and lenses. Dielectrics have also been used for coating antennas submerged in water and biological matter and have led to improvements in bandwidth and efficiency as well as antenna miniaturisation. In this paper, we present a new technique to produce variable dielectrics with permittivity from 6 to 28 using two commonly available powders, titanium dioxide (used in foods) and magnesium silicate (used in talcum powder). An example spherical helical ball antenna is used to demonstrate the process. In this antenna, the mixed powders were encased in a 3D printed shell that achieved a reduction in diameter of the spherical antenna by a factor of 1.85. The technique aids rapid prototyping and optimisation using search algorithms.
Introduction
Researchers have known for some time the benefits that dielectric loading can bring to their antenna designs. Dielectrically loaded antennas have been shown to have properties that are beneficial particularly for manipulating size and bandwidth.
However, high permittivity dielectrics may be difficult to realise in the sizes and shapes are that are needed. The authors of [1] sandwiched a flat twin arm printed spiral between two layers of dielectric and achieved a gain 6 dBi higher than a version without a dielectric cover. However, the antenna was not constructed. In [2] the team researched an eight-element twin layer dielectric rod antenna array having a 40% bandwidth at xband with a gain of approximately 14 dBs. They concluded that a graded rod would have extended their work, but that manufacture was too expensive.
Probe fed dielectric resonators made of high dielectric constant materials were looked at in [3] .
A main finding of the work was to discover that high Q materials did not necessarily always lead to small bandwidth antennas and that in some cases antennas that can be created and also extends applications of existing antennas due to cheaper manufacture. We only consider non-magnetic in this paper and are therefore not concerned with permeability. However, the method could be extended to cover magnetic materials as well.
Currently the main techniques for making dielectrically loaded antenna prototypes use compressed sintered blocks, machined shaped blocks or powders. The desired electrical properties are fixed on order and, because the machining of ceramics is difficult, the process does not lend itself to tuning or parametrisation in a radio laboratory.
In addition, prototype materials cannot be reused so precise and careful initial specifications are called for. The creation and machining of ceramics is done by a few specialist companies and is relatively expensive and takes time.
Another method involves the use of two-part setting mixed compounds. Once set the mixes cannot be reformed.
In the remainder of this paper, we present a technique that overcomes many of the problems of expense and inconvenience associated with the use of dielectrics for loading antennas.
The rest of this paper is laid out as follows: -Section 2 contains the analysis we have used to obtain the permittivity for our new combination of combined powders. Section 3 includes a discussion of powder-based high permittivity cores, the factors used to choose their components and how to measure their permittivity. In Section 4 the method we have used to measure the permittivity of the powders separately and combined is presented along with a chart of for core selection.
To demonstrate the miniaturisation, use high permittivity cores, Section 5 shows a comparison between two similar antennas both with and without a compacted powder core. The 3D printing of core shells is contained in section 6. Section 7 consider the thickness of core and lastly, the conclusions for the paper are presented in section 7. In this paper, we have not considered permeability, but the technique could be adapted using magnetic materials such as iron filings. Many materials have different measured permittivity depending on their level of compaction and therefore need to be pressed before stable results can be obtained. In general, powder will converge in permittivity only after it has been crushed back into its solid form.
Analysis of the permittivity of a two
To achieve this compaction the materials needed to have relatively poor mechanical strength.
According to the criteria in Table 1 This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication in an issue of the journal. To cite the paper please use the doi provided on the Digital Library page.
then passed through heavy parallel rollers. For both candidate powders, the complex permittivity was measured to be lower than the uncertainty of the instrument at or below 0.005. As well as a VNA, the split post resonator was also measured with a power meter and the same results were computed using the method of [7] . Due to their low loss, both In order to obtain the electrical properties of the high permittivity cores made of two mixed powders, two separate methods for dielectric characterisation were used. The first method obtained the permittivity of the powders as a function of compaction pressure and the second confirm the accuracy of the mixes predicted by Equation (2) when compared with measurements.
Dielectric Measurements of
Compacted Dielectric Single and Mixed Powders.
There are two types of measurement required. Table 3 . 
Single and Mixed Powder Results
Using the resonator, the results in Table 4 were obtained and compared with the predicted values obtained from the formula in Equation 2. The complete range of proportions by weight for batches up to 100g is shown in Figure 4 . Table 4 shows the proportions of powders used the make the mixed powders to the desired permittivity. GHz. One with an air core and one with a dielectric core. The design method can be found in [10] , and typical patterns can be found in [11] . Details of the test antennas can be found in Figure 5 and Table 5 .
The method developed here is particularly well suited to optimisation of antenna designs using genetic algorithms in which an uninterrupted range of characteristics is desirable. 
3D Printing Methods for Dielectrically Loaded antennas.
In our example, the printed 3D shell has two purposes. Firstly, to act as a mould to allow compacting of the two mixed powers and secondly to serve as a former for the thin wire antenna. In with a permittivity of around 2.5 depending on how solid the structure is. The bulk permittivity of a 3D structure depends on how much of it is air and how much of it is PLA. 3D printed structures typically use an algorithm to decide on the lattice enclosed by the outer surface and this needs to be considered during prototyping. Using PLA the authors of [12] have produced a range of structures from solid (2.72+j0.008) to honeycomb (1.24+j0.0002). PLA is therefore relatively low loss. Velocity Factor = 1
The most effective deployment of the high permittivity material is when the antenna elements are fully immersed and fairly central in the body of the dielectric. This arrangement is shown in Figure   6 (c). For a coating of < =7.5 a 2.45 GHz λ/2 dipole was maintained at resonance as the thickness of the coating was increased from 1mm to 60mm Radius.
These results are plotted in Figure 7 . The results in figure 7 show that reduction in the physical size of the dipole was sub optimal for coverings below approximately λ/2 in thickness and therefore this may be considered the lower bound of Equn. (4) for systems of this type.
However, and using this similar technique, higher permittivity dielectrics can be used to compensate for non-optimal coating thickness.
Conclusions
A technique for prototyping diectrically loaded antennas (DLAs) has been presented. We have shown how two powders can be combined to produce a complete range of permittivity between 6 to 28. This process can be achieved within the capabilities of most universities.
The novel use of 3D printed forming shells has been introduced which greatly extends the possible applications for DLAs. 3D printing was also used to create a former.
A new type of cavity resonator has been built and combined with a novel 3D printed core. This combination has been shown to be an effective method for characterising the permittivity of low loss mixed agglomerated powders. It should be noted, that because of matching, loading an antenna with dielectric is only the first stage of techniques to enhance antenna parameters.
